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Title of the Invention 

AMETHOD FOR MEASURING THREE DIMENSIONAL SHAPE 
OF A FINE PATTERN 



Background of the Invention . 

The present invention relates to a method^ for measuring a three 

dimensional shape of a fine pattern formed on a semiconductor device . 

such as a semiconductor memory or^mtegrated circuit. 

SEMs (scanning electron microscope) are used for measuring fine 
-flu* 

patterns ^formed on semiconductor devices. The SEM obtains an 
electron beam image of a sai ^le ^ tninnd by detecting tfe secondary 
electrons and reflected electrons i generated when an electron beam is 
irradiated onto the sample. The most popular SEM^in semiconductor 
processing is called a critical dimension SEM, which measures a sample 
mainly by using a secondary electron beam image. 

Fig. 2 shows * relationship between a cross sectional shape and^ , 
secondary electr on^pga^ image of a sa mp]^^ ar slope o^the 

sample, the greater^strength of secondary electrons, so that, as shown in 
Fig. 2,j^he image/having bright portionsCbereinafter called bright bands) 



corresponding to ^ edge portions (slope portions) of the sample pattern 
and dark portions corresponding to plane portions of the sample pattern 
ia obtainod . With the bright bands, jdl and d2 are measured to obtain a 
bottom size and top size of the sample^ respectively. Howe ver, three 
dimensional information.such as ftmeightTof the sample and & slope angle T 
of the^rdge cannot be obtained. 

In Mm semiconductor processing, the critical dimension SEM has 
been conventionally used for optimizing the conditions of a 
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\*stt©a?eitne critical aimensi 



manufacturing machine \such as an aligner and etcherjor for monitoring 
process fluctuation. However, with jTiifeg of the patterns, three 
dimensional shapes of the samples need to be measured in various cases, 
(the critical^ dimension SEM is not always useful. 

easuring cross sectional shapes are as follows. 

(1) After a wafer is cut or FIB-processed, a cut surface of the 
wafer is observed using an electron microscope. 

(2) The cross sectional shapes are observed using an AFM (Atom 
Force Microscope). 

(3) The cross sectional shapes are observed using scatterometry. 
:rajtEese methods, tfejexe=»e the following problem^. 

In the method fif (l), it takes j^long time to prepare for Jdc& 
observation of the cross sections. Additionally, the cut or FIB-processed 
waters ^^contaminated, and^thus^cannot be completed as products. As 
a result, this method cannot be used for process fluctuation 

monitoring in a quantity production process. 

Ikihe method of (2)j# does not tak^\Longer time than that in the 
method (l) to observe the cross sections/j However, the AFM has^low 
throughput, which is about 1/3 of that of the popular critical dimension 
SEM, and^cannot ^measure all fee patterns because of restriction of the 
chip shapes. Consequently, as it is near-meaningless, critical points 
cannot be measured in tne^process fluctuation in which measurement of 
three dimensional shapes is required. fi . j 

Recently, the scatterometry <£ (3) ie=¥ea coi¥ing ^attention, because 
it can ^ opomtc at high speedy and ^measure cross sectional shapes 
non- destructively. Using the fact that special distribution of scattered 
light from a sample changes depending on ^material and cross sectional 
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shape of the sample, the scatterometry A matches the spectral distribution 
of the actually-measured sample to the spectral distribution library of 
various cross-sectional shap^models prev^usly produced using offline 
simulations^ thereby to indirectly measure -ajcross^sectional shape of the 
sample (see Fig. 3). In principle, any pattern shape can be produced. 
However, current computers cannot generate a library HavuTg^vaKations 
of all patterns. In the present condition, only lines and space patterns 
uniformly ^re^a^ed in one direction are measurable. A s ^^esul t, the 
scatterometrj^ns used^^^>r measuring test-specific patternsnformed on 
a wafer, and^cannot A measure arbitrary patterns (for example, critical 
points for ^ rocess j fluc tuation) . 

Tin- nr U nrelated to the present invention «¥ejjdisclosed in JP-A 
Np.141544/1991, JP-A No. 342942/1992, and JP-ANo.506217/2002. fW^ } 
" ^hls^^elaterd-^^ Have tlie following problems. The critical 
dimension SEM, which is popular in tfae semiconductor processing, can 
measure plang^shap es by^jije of electron beam images of arbitrary 
patterns, bx^j annot ^measure three dimensional shapes. The 
scatterometry^can measure three dimensional shapes, but the sample 
patterns are Himted to lines v and spaces. Therefore, the scatterometry. 

i ? \ A>- seb+^z<z wvl<i, tjc~sj(jtr«^~ ihL / 

canjpeasure only^the test patterns produced for measurement. 

Summary of the Invention . 6 , 

The present invention provides a method fejmeasuring a three 



dimensional shape of an arbitrary fine pattern ^ formed on a 
semiconductor device, in other words, a method fer; measuring a three 
dimensional shape not limited to a test pattern. c * 

In^the present invention, an optical measurement system.such as k ffij 
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scatterometry^measures cross~sectional shape information about a test 

pattern, an electron microscope obtains an electron beam image of a fine 

pattern, and plane surface information about the fine pattern is obtained 

from the electron beam image and is combined with the cross-sectional 

shape information about the test patternjto measure ^three-dimensional 

shape of the fine pattern. . * 

Additionally, inythe present invention, an optical measurement 

system^ such as ^ scatterometry ^measures cross— sectional shape 

information about a test pattern, an electron microscope obtains an 

electron beam image of an arbitrary pattern, and the cross-sectional 

K 

shape information about the test pattern is applied to slope change 
information about a surface of the fine pattern reflected on the electron 
beam imagejjto measure aithreerdimensional shape of the fine pattern. 

Further, in ^ the present invention, an optical measurement 
system j such as ^ scatterometry ^measures cross ~ sectional shape 
information about a test pattern, an electron microscope also obtains an 
electron beam image of a test pattern, a relational equation is derived 
from the crossh-sectional shape information and the electron beam image, 
and the/relational eauation is applied to an electron beam image of a fine 
patternj^to measure ^three-dimensional shape of the fine pattern. 

Further, in the present invention, cross sectional shape 
information about a test pattern is obtained by an optical measurement 
systemjsuch as ^scatterometry, and^used as a constraint for calculating a 
three dimensional shape of a fine pattern through the following methods 

(1) With a plurality of the images ^when a fine pattern tilts at 
different angles, which images are obtained by an electron microscope 
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having a beam tilt or stage tilt system, a three dimensional shape of the 
fine pattern is measuredjon the principle of triangulation. - 

(2) With a plurality of reflected electron beam image^obtained 
by a plurahty of reflected electron detectors, a three dimensional shape of 
a fine pattern is measured on the principle of photometric stere^. 

These and other objects, features and advantages of the invention 
will be apparent from the following more particular description of 
preferred embodiments of the invention, as illustrated in the 
accompanying drawings. 



I . . Brief Description of the Drawings ^ 
Fig. 1 is a^procedure admeasurement in^a first embodiment of the 
present invention. 

Fig. 2^shows a cross^sectional shape of a measurement sample 



and a secondary electron beam image thereof, where measurement by a 




conventional critical dimension SEM isiearalsrised. , a . vi A . , 

Fig. 3 is a schematic diagram showmg^ a frynlom of scatterometr^. }S ^^±s^ 



Fig. 1 phowo fehc 

Fig. 4(a)^shows a cros^sectional shape of a pattern. ^^^j 
Fig. 4(b) sfesesTa signal waveformj^of a SEM image signal ^the 
pattern ofy(a). . . , . 

Fig. 4(c)^shows a first-order differentiation waveform obtained by 
calculating a first-order differentiation of the signal waveform ofyCb). 
Fig. 5 3howa the first embodiment of the present invontion. 



Fig. 5(a)/vshows a cross^sectional shape of a pattern. 
Fig. 5(b) ghowc^ a signal waveform jpf a SEM image signal of the 
pattern of/(a). 



Fig. 5(c)^shows a method^for calculating a three dimensional 
shape of a sample from ^ secondary electron signal strength of a sample. 

Fig. 6 is a^procedure dfjpaeasurement ^a second embodiment of 
the present invention. ifl . . 

Fig>. 7^ shra^ the principle of stereoscopic i in > the second , 
embodiment of the present invention. f>^ i to ijM GO ^ J^yxj^ >^Jtifc~^ W 

Fig. 8^shows a procedure^ measurement^ a third embodiment 
of the present invention. ft .a ,i aa 

Fi^ 9 sfaowsjthe principle of the third embodiment of the present 
invention. 

Fig. 10 is a block diagram showing how a method for measuring a 
three dimensional shape according to the present invention is used in a 
semiconductor processing line. t 

Fig. 11 is a flowchart of a procedure ^measuring a three 
dimensional shape according to the present invention. 

Fig. 12 is^iij, Lleivatiun of a^ screen displaying a result of 
measurementln^tKe^econd embodiment of the present invention. 

F ! g * 13 is ^ a^evaiiufeL of a^swreen displaying a result of 
measurement iiyfhe third embodiment of the present invention. 

Description of the Preferred Embodiments 
The present invention ^explained below with reference to the 
appended drawings. 

iFirst embodiment] , » 



& large number of semiconductor chips 201 are formed on a wafer 

A 

100. A scribe area 204 is formed between the semiconductor chips 201. 
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The scribe area 204 is cut to complete^the semiconductor chips. A test 
pattern 202 is formed on the scribe area 204. The test pattern 202 is 
termed m the same manufacturing process^a device pattern 203 in the 
semiconductor chips 201. In other words, A materials of the test pattern 
202 and device pattern 203 are the same, and their film thicknesses are 
almost the same. 

As shown in Fig. 1, an electron beam image of a required portion 
of the scribe area 204 is obtained by a SEM, and the test pattern 202 is 
measured by scatterometry. , hh tMr 

Fig. 11 is a flowchart showing^ procedure ^measurement, ^rj^f 
line width Wn and bright band width En of an electron beam image are * 
measured, where n represents a measurement position in the y direction 
on the image. As shown in Fig. 1, with a film thickness h, which is & 
oforo|s-sectional shape information about the test pattern/*w4»eh 




Lflis obtained by the scatterometry, a tilt angle 8n at the 

measurement position n is determined when the cross- section is 

\ 

considered as a trapezoid. ^ Vi 

Actually, as shown in Fig. 4(a), the cross-section^is not a trapezoid, 
but has, for example, a bottom roundness ^^^^an^^top ^ r^n^ne ee. In 
such a case, a first-order differentiation waveform^as shown in Fig. 4(c)ys 
obtained from an electron beam image signal (shown in Fig. 4(b)) of a 
device pattern, which signal is detected by the SEM, to quantify the 
average slope angle Itan ^H/E), where H jl^ a^ height when the cross 
section is considered as a trapezoid and E is ajwidth betwe en^th e top and 
bottom of the slope when viewed from above the pattern^ A;ratio of the 
bottom roundness Ib/H, where, in the first-order differentiation 
waveform, B is fe^ width between the rising point corresponding to the 
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bottom and the maximum point|,^a ratio of the top roundness |T/H, where, 

in the first-order differentiation waveform, T is fffdistance between the 

mini mum^i^a^ the starting point of the flat portion corresponding to 

the toijjj Uggd ae=gn. Then, #jshape of the pattern may be judged. 

Fig. 5(b) shows a signal waveform of an electron beam image of a 

sample having a cross-sectional shape as shown in Fig. 5(a). Aisignal 

strength SEi of each point i on the slope is proportional to l/cos0i 

(relationship of an equation 5.1 of Fig. 5)(9i is a tilt angle of a sample). 

Therefore, the cross-sectional shape may be determined as follows. 

The equation 5.1 of Fig. 57has two unknowns a and b. The cross- 

A 

sectional shape may be determined through the following procedure. 
The unknowns a and b are determined ^hortigh , e.g., a least-squares 
methodjso that a result of integrating^tanOi (i=0 to N) be cornea q^film 
thickness H (relationship of «el equation 5.2 of Fig. kTwhere d is 1/N 
times width between «rj top and bottom of a* slope surface 

corresponding to E of Fig. and substituted for the equation 5.1 of Fig. 

[Second Embodiment] h 

Fig. 6 shows^a second embodiment of the present invention. 

In the present embodiment, on the principle of stereoscopi^, a 
three dimensional shape of a sample is obtained from a plurality of 
images of the sample whose tilt angle changes fe^an electron microscope 
having a beam tilt or stage tilt system. Fig. 7(a) » ithe electron beam 
image when ftltilt angle of the sample is al, and 7(b) i&jthe electron beam 
image when lutilt angle of the sample is a2. As shown in Figs. 7(c) and 
7(d), because tt^width of the flsdge, when viewed from vertically above the 
sample, changes depending on the tilt angle,^widths of the bright bands 
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of Figs. 7(a) and 7(b) are different. 

The bright band widths El and E2 of the images are measured to 
determine a tilt angle 0 of theiedge. The tilt angle 6 i"'5iibatituEcaToi an 
equation 7.2 uf Fig. 7 to determine ^height HO. The widths El and E2^ 
change depending on the measurement points of an actual sample. 1 %is 
thus necessary to determine which point on Fig. 7(b) corresponds to the 
measurement point of the bright band width of Fig. 7(a). However, for 
example, when a \ surface of the sample is smooth, it is difficult to 
correctly determine the corresponding point. In this case, information 
about % film thickness h obtained by the scatterometryj can be used. 
Instead ofdetermining the corresponding point, a plurality of candidate 
points a^ej^re viously determined, an^&ights of the candidate points are 
determined by the equation 7.2 to exclude ^ejcahdidate points having 
heights different from the film thickness h. 

In Fi^» 7^ only a starting point and ending point of the/edge are 
used as thecorresponding points. WJien there are distinguishing points 
also^ int h^^ 3r o f tho edge due to jjsj?-> irregularities of the surface of the 
sample, the) distinguishing points^may be added as the corresponding 
points. The three dimensional shape obtained by the above-described 
method is useful also for grasping^ condition of three dimensional edge A 
roughness. 

[Third Embodiment] . . 

Fig. 8 shows^a third embodiment of the present invention. 

In this embodiment, on the principle of photometric stereojas 
shown in Fi^ 9 fi a three dimensional shape of a sample is obtained from 
left and right reflected electron beam images (tseo left and right reflected 
electron beam images are simultaneously obtained by few© right and left 
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reflected electron beam detectors). Figs. 9(a) and 9(b) show images and 
waveforms obtained by the left and right reflected electron beam 
detectors. In Fig 9(a), the left ea|ef portion is brighter, and the 
shadowed right eige/ portion is darker. In Fig. 9(b), the left e£m is 
darker, and the shadowed rightj^edge is brighter. 

In an equation 9.1, K needs to be experimentally determineld by 
measuring signal strengths A and B of a sample having a known slope 
angle 9. In this embodiment, a test pattern is measured by both ^» 
scatterometry and^SEM, 8 is determined from a result of measurement ^ 
tSSj^catterometry, and the signal strengths A and B areft aubotitutod for 
the equation 9.1 to determine K. Once K is determined, sjcross^sectional 
shape can be determined fror^^gnal strengths of reflected electron beam 
images of an arbitrary pattern. In the second embodiment, it m * 
necessary to search ^the corresponding points. In this embodiment, 
reflected electrons are simultaneously obtained by the two^right and left^ 
reflected electron beam detectors, so that two images of the same point 
are obtained. As a result, it is not necessary to search the corresponding 

points - & ih^- 

A^actual cross-sectional shape^is not a trapezoid as shown in Fig. 
9(c), bu^&as a constantly-changing slope angle^as shown in Fig. 9(e). 
Alsoiin this case, K is previously determined by measuring a test pattern 
by means of &sm scatterometry and^SEM, ar^»/ slope angle 9i of each 
point may be determined by an equation 9.3. j& height HO is determined 
by integrating tan 6i. As a result, an arbitrary three dimensional shape 
can be determined from the right and left reflected electron beam images. 
[Usage in Semiconductor Processing] v 

Fig. 10 shows how a method measuring a three dimensional 
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shape according to the present invention is used in semiconductor 
processing. A scatterometry^HO and a SEM 111 are positioned close to 
each fli|iother, and gvprMe ^ measurement before and after resist 
exposure/development processing 120 and etching processing 130 ig? 



iBa»a»6 of a consol 112. The scatterometryjllO and the SEM 111 are 

a is 

connected 1ft, e.g.,^a recipe server 140, a work record management system 
141, and a QC data collection/analysis system 142 via a communication 
line 150. . 

With such a system, the scatterometryj 110 and the SEM 111 
measure three dimensional shapes of resist patterns formed on a wafer 
through the resist exposure/development processing 120jto monitor the 
resist exposure/development processing 120. 

The scatterometry \ 110 and the SEM 111 measure three 



dimensional shapes of semiconductor devices and circuit patternsjformed 
on a wafer through the etching processing 130^ to monitor the etching 
processing 130. 

The three dimensional shape measurement data of the resist 
patterns and that of the element and circuit patterns are transmitted via 
the communication line 150 to the QC data collection/analysis system 
142, where the relationship between both data is analyzed. In 
accordance with the analysis result and work record data stored in the 
work record management system 141, resist exposure/development 
processing and etching processing recipes stored in the recipe server 140 
can be controlled. 

[Method for Displaying Results] , . , 

Figs. 12 and 13 show examples of screens for outp5tt5iB ftresults of 
three -dimensionally measuring patterns^by means of the scatterometry^ 
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110 and the SEM 111. 

Fig. 12 shows an example of a display screen of the second 

embodiment. A SEM image, two types of tilt images, and a result of 

three dimensional measurement are displayed within one screen. The 

SEM image shows the area where the two types of tilt images are 

observed. An electron beam signal waveform within the area is 

superimposed on the SEM imagej and displayed. 

^This electron beam signal waveform may be a signal waveform 

for one typical scanning line, for a summation of a plurality of scanning 

lines, or for the combination of alL the signakdetected in the area where 

A 

the two types of tilt images are observed (many scanning lines are 
combined to obtain a waveform having an excellent S/N ratio). 

A diagram showing a ipross-sectional shape of the pattern arid 
shape data of each portion of the cros&^section are displayed as a result of 
the three dimensional measurement. When the pattern is formed of a 
plurality of layers, cross-sectional shape data of each layer may be 
displayed. 

Fig. 13 shows an example of a display screen of the third 
embodiment. A SEM image, two types of tilt images, and a result of 
three dimensional measurement are displayed within one screen. The 
SEM image shows the area where the two types of tilt images are 
observed. An electron beam signal waveform within the area is 
superimposed on the SEM imagej and displayed. 



Like^inFig. 12, this electron beam signal waveform may be a 
signal waveform for one typical scanning line, for a summation of a 

• 3- 

plurality of scanning lines, or for the combination of all^the signals 
detected in the area where the two types of reflected electron beam 
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images are observed (many scanning lines are combined to obtain a 
waveform having an excellent a S/N ratio). 

A diagram showing ^ crossj^sectional shape of the pattern and 
shape data of each portion of the cross-section are displayed as a result of 
dimensional measurement. Cross-sectional shape data of each 
layerTmay be steo displayed. This is because, when the pattern is 
formed of a plurality of layers, detection signaLchanges depending on 
secondary electron emission efficiency of each layer^so that each layer can 
be recognized to determine the cross^sectional shape data of each layer. 

As described above, according to the present invention, aj three 
dimensional shape of a fine pattern formed on a semiconductor devices 
such as a semiconductor memory and/integrated circuitjhao been irbie L ^<3»*> 
be measured more precisely without deconstructing the semiconductor 
device. 

The invention may be embodied in other specific. forms without 
departing from the spirit or essential characteristics thereof. The 
present embodiment is therefore to be considered in all respects as 
illustrative and not restrictive, the scope of the invention being indicated 
by the appended claims^rather than by the foregoing descriptionjand all 
changes which come within the meaning and range of equivalency of the 
claims are therefore intended to be embraced therein.( 



